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INTRODUCTION

Meffibrane-type 1 matrix metalloproteinase (MT-MMPs), a mémber of the MMP family of
proteinases, bas been implicated in the invasive and metastatic potential of a variety of human malig-
nancies, including mammary carcinoma [1-4] Unlike the other members of the matrix metalloproteinase
(MMP) family, which are secretory proteins, MT1-MMP is a transmembrane proteinase with the cata-
lytic domain exposed on the cell surface and a short, 20 amino acid cytoplasmic domain [5]. On the
membrane of a variety of cell types including tumor cells MT1-MMP forms a tri-molecular complex
with MMP-2 and its physiological inhibitor, the tissue inhibitor of metalloproteinases-2 (TIMP-2) [6].
In this complex the N- terminal, inhibitory domain of TIMP-2 directly interacts with the catalytic site of
MT1-MMP. The C-terminal domain of TIMP-2 binds the C-terminal, hemopexin-like domain of MMP-
2. Thus, MT1-MMP acts as a membrane binding site for MMP-2eTIMP-2 complex (Fig. 1).

Binding of the enzyme-inhibitor complex to MT1-MMP is required for MMP-2 activation [6].
MMP-2 interaction with MT1-MMP has
analogy to the high-affinity binding of

FIG. 1. MT1-MMP ® TIMP-2 ® MMP-2 complex urokinase plasminogen activator (uPA) to
its cell membrane receptor (WPAR) [7]. uPA
and uPAR have also been implicated in the
invasion and metastasis of a variety of tu-
mors including breast carcinoma [8-11].
Although uPAR is not a transmembrane
protein [7, 12], binding of uPA generates
intracellular signals that control cell func-
tions including migration and proliferation
A through mechanisms independent of the
e proteolytic activity of uPA [13, 14]. Other
i transmembrane proteins with short cyto-

plasmic domains similar to MT1-MMP -
the integrins — also generate intracellular signals following interaction with their extracellular ligands
[15, 16). Based on these analogies, we hypothesized that MT1-MMP binding of TIMP-2 generates
intracellular signaling through interaction of the cytoplasmic domain of MT1-MMP with signaling
proteins, and thus regulates cell functions involved in breast cancers progression (Fig. 2).

MT-MMP
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BODY

Generation of Dreast carcinoma cells that express MT1-MMP under cohitrol by the tetracycline
resistance promoter

To test our hypothesis we constructed an inducible expression system for modulating MT1-MMP ex-
pression in breast cancer cells. Human MCF-7 breast carcinoma cells stably transfected with a cDNA
for the tetracycline-controlled transactivator (Tet-On and Tet-Off; Clontech) were cotransfected with
MT1-MMP cDNA in the pTRE vector (Clontech) and with the pTRE2hyg hygromycin resistance vec-
tor (Clontech) in both Tet-On and Tet-Off MCF-7 cells. Pools of hygromycin-resistant cells expanded
in culture were subcultivated overnight in the absence or in the presence of 1 pug/ml of doxycycline, and
characterized for MT1-MMP expression by RT-PCR (not shown) and by Western blotting (Fig. 3).
Consistent with previous reports, multiple forms of MT1-MMP with M s 60,000, 58,000 and 43,000
were detected by Western blotting of cell extracts. The 60,000 band is consistent with the size of active
MT1-MMP. The 58 kD immunoreactive protein represents an activation product of MT1-MMP; the 43
kDa band a degradation product of MT1-MMP. Several transfected cells lines were identified, whose
levels of MT1-MMP can be regulated by either addition (Tet-On) or removal (Tet-Off) of doxycycline
in the culture medium (Fig. 3).

Fig. 3. The indicated pools of MT1-MMP
cDNA-transfected Tet-On and Tet-Off MCF-7
cells were grown for 24 h in the presence (+) or

Tﬁt . in the absence (-) of 1 ug/ml of doxycycline
Pool (DOX). Triton X-100 cell extract protein (40 ug)

A was electrophoresed in a reducing SDS-10%
DOX polyacrylamide gel, and analyzed by Western

e . . Dlotting with antibody to the hinge region of hu-

MT]-MW man MT1-MMP (Chemicon). Antigen-antibody
complexes were evidenced with the ECL detec-
tion solution (Roche). Molecular masses are
shown in kDa on the right.

As reported by other authors [17}, our MCF-7 cell transfectants did not produce MT1-MMP nor MMP-
2 (datanot shown), and secreted very low amounts of TIMP-2 in the culture medium (data not shown).

MT1-MMP expression and TIMP-2 binding induce Ras and ERK1/2 activation with a dose-
dependent eﬁ‘ect.

We then tested the effect of MT1-MMP expression on Ras and ERK 1/2 activation in the absence and in
the presence of exogenous, human native or recombinant TIMP-2. The results showed that MT1-MMP
expression induced Ras activation. Addition of TIMP-2 (100 ng/ml) resulted in rapid (5 min) Ras
activation both in cells that expressed and in cells that did not express MT1-MMP. However, this effect
was transient and could not be detected after 30 min from addition of TIMP-2; Ras activation being
maintained only in cells that expressed MT1-MMP (Fig. 4).
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Fig. 4. Pool 2 Tet-Off MCF-7 cells (Fig.
3) were grown for 24 k in the presence or
in the absence of I ug/ml of doxycycline.
Atthe end of the incubation the cells were
treated for the indicated times with 100
ng/ml of TIMP-2. Triton X-100 cell extract
protein (800 ug) was characterized for
active Ras by affinity precipitation with 5
M of agarose-bound Raf-1 (Ras-binding
domain), and subsequent immunoblotting
analysis of the precipitate with pan-
isoform specific Ras antibody (Upstate
Technology). Antigen-antibody complexes
were evidenced with the ECL detection so-
lution (Roche). MT1-MMP expression (+

or-), indicated on top, refers to samples incubated in the absence or in the presence of doxycycline, respectively.
The blot was probed with antibody to f-actin as a control for equal loading. Comparable results were obtained
with Tet-On cells.

MT1-MMP expression resulted in weak activation of ERK1/2. Addition of TIMP-2 (100 ng/ml) to the
culture medium induced a rapid and transient (5-15 min) increase in ERK1/2 activation. This effect

~was stronger in cells that expressed than in cells that did not express MT1-MMP. No ERK1/2 activa-

tion was detected in MT1-MMP+ or MT1-MMP- cells 30 min after addition of TIMP-2 (Fig. 5).

o ’ Fig. 5. MTI-MMP Tet-On MCF-7 cells
TIMP-2 {100 ng/ml) grown for 24 h in the presence of 1 pg/ml

q —_— - of doxycycline were treated with purified
. B2 TP 2 (100 ng/ml) for the indicated time.

Triton-X 100 cell extract protein (40 ug)
was electrophoresed in reducing SDS-10%
polyacrylamide gels, and analyzed by
Western blotting with antibodies to phos-

phorylated ERK1/2 (pERK1/2} and total
ERK1/2 (ERK1/2)(Cell Signaling). Anti-
- 2 gen-antibody complexes were evidenced
- § with the ECL detection system (Roche).

» To characterize the relative contribution of MT1-MMP and TIMP-2 to ERK activation MT1-MMP Tet-

On transfectants were incubated with increasing concentrations of doxycycline (0 to 1 pg/ml). This
treatment induced MT1-MMP expression and ERK1/2 activation in a dose-dependent manmer. Addi-
tion of purified TIMP-2 (100 ng/ml) to the culture medium enhanced ERK1/2 activation (Fig. 6 A).
Addition of doxycycline (1 pg/ml) to MT1-MMP Tet-Off transfectants abolished both MT1-MMP
expression and ERK1/2 activation (Fig. 6 B), showing that ERK1/2 activation did not result from a

nonspecific effect of doxycyxline.
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Fig. 6. A. MTI-MMP Tet-On MCF-7 cells were grown for 24 h in the presence of the indicated concentrations
of doxycycline (DOX). At the end of the incubation the cells were treated with purified TIMP-2 (100 ng/ml) or
with control medium for 15 min at 37° C. Triton-X 100 cell extract protein (40 ug) was electrophoresed in
reducing SDS-10% polyacrylamide gels, and analyzed by Western blotting with antibodies to either the hinge
region of human MT1-MMP (Triple Point Biologics), or to phosphorylated ERK1/2 (pERK1/2) or total ERK1/2
(ERK1/2)(Cell Signaling). Antigen-antibody complexes were evidenced with the ECL detection system (Roche).
MTI-MMP Tet-Off transfectants were grown for 24 k in the absence (-) or in the presence (+) of I ug/ml of
- DOX. Forty ug of cell extract was analyzed by Western blotting with anti-phosphoERK1/2 and anti-total ERK1/

2 antibodies as described above.

In another set of experiments increasing concentrations of TIMP-2 (0 to 300 ng/ml) were added to the
culture medium of cells that either expressed or did not express MT1-MMP, and both celi-associated
' TIMP-2 and active ERK1/2 were characterized. The results showed that this treatment upregulated
both cell-associated TIMP-2 and ERK1/2 activation in a dose-dependent manner in cells that expressed
but not in cells that did not express MT1-MMP (Fig. 7). :

‘Fig. 7. MTI1-MMP Tet-Off MCF-7

AV faaits . & T T cells grown for 24 h in the presence
DOX(!mg{m}) ST T S o TR S . - " orin the absence of 1 ue/ml of
: doxycycline (DOX), were treated

..... with the indicated concentrations of

M‘fl-mﬂ R fiod 2for I5 py
i purified TIMP-2 for 15 min. Triton
FIMP-2 (ng/ail) - 10 5“ m‘m 111 m mm X100 cell extract protein (40— 80

Hg) was characterized for active
ERK1/2 (pERK1/2) and TIMP-2 by
Western blotting with antibodies to
phosphorylated or total ERK1/2

o (Cell Signaling) and to TIMP-2
i (Chemicon). Antigen-antibody
m - complexes were evidenced with the

ECL™ detection system
(Roche).




To test the specificity of TIMP-2 in activating intracellular signaling, we analyzed the effect of TIMP-
1, which does not inhibit and binds to MT1-MMP with a much lower affinity than TIMP-2 [19]. In
addition, we.tested whether chemical reduction of TIMP-2, which destroys its MMP inhibitory activity,
would also affect the capacity of this inhibitor to activate intracellular signaling. The results (Fig. 8)
showed that addition of purified TIMP-1 to the culture medium of MT1-MMP-expressing cells did not
activate ERK1/2 but actually decreased the level of active ERK1/2 in both MT1-MMP expressing and
non-expressing cells. In contrast, chemically reduced TIMP-2 showed a stronger effect than native
TIMP-2 and also induced ERK1/2 activation in cells that did not express MT1-MMP. This finding is
consistent with previous reports showing that TIMP-2 devoid of inhibitory activity retains its capacity
to induce cell proliferation [20, 21].

A Fig. 8. A. MT1-MMP Tet-Off MCF-7
cells grown for 24 h in the presence

TIMP-2 TIMP-1 - orinthe absence'of 1 ug/ml of doxy-

1 1 13a . .
A AR P g ~ cycline (DOX), were treated with 100
MILMME - 4 - % = 5 W ng/nl of purified TIMP-2 or TIMP-1
pERK1/2 TR Wy v T o for 15 min. Triton X-100 cell extract
TR ; . ' L protein (40 — 80 pg) was character-
ERK2 " ew s anapes ized for active ERK1/2 by Western
blotting with antibodies to phospho-
" rylated or total ERK1/2 (Cell Signal-
B TIMP-2 m ing) and to TIMP-2 (Chemicon). An-
e " tigen-antibody complexes were evi-
T T 3 kDa  denced with the ECL detection sys-

MTI-MMP -+ - 4+ - 4 tem (Roche). B. Recombinant TIMP-
. — o i 44 2 was incubated with 0.1 M
PERK12 S ===gBEl. - 42  dihoteiol OTT) at35° C for 30
3 min, followed by incubation with
0.22 M iodoacetate for 20 min at
room temperature (check) and over-
night dialysis vs. 30 mM Tris-HCI, 5
mM CaCi2, pH 7.8. This treatment abolishes the MMP inhibitory activity of TIMPs but not their ability to
stimulate fibroblast growth or protect cells from apoptosis [20, 21]. MT1-MMP Tet-Off MCF-7 cells grown for
24 h in the presence or in the absence of 1 ug/ml of doxycycline (DOX) were treated with 100 ng/nl of either
native or reduced TIMP-2 for 15 min. ERK1/2 activation was characterized as described above.

Inhibition of TIMP-2 binding to cell membrane-bound MT1-MMP abolishes ERK1/2 activation.

We speculated that the observed effect of TIMP-2 on ERK1/2 activation in the absence of MT1-MMP
might be mediated by binding of the inhibitor to other MT-MMPs expressed by MCF-7 cells. The MT-
MMP class of MMPs currently comprises sis members (MT1- to MT6-MMP). By RT-PCR and West-
emn blotting analysis (not shown) we found that our MCF-7 cells express significant amounts of both
MT2- and MT5-MMP. To test our hypothesis that TIMP-2 binding to MT-MMP(s) other than MT1-
MMP may induce ERK1/2 activation we tested the effect of reagents that compete with TIMP-2 for
binding to the MMP catalytic site. Addition of recombinant, soluble catalytic domain of MT1-MMP
(Fig. 9 A) or of lomastat (Fig. 9 B), a low-MW inhibitor that binds to the catalytic domain of MMPs,
resulted in dose-dependent decrease of cell-associated TIMP-2 and ERK1/2 activation in MT1-MMP
expressing cells. The highest concentrations of soluble MT1-MMP or llomastat completely abrogated
cell-associated TIMP-2 and ERK1/2 activation, showing that ERK activation in MCF-7 cells is con-
trolled by TIMP-2 binding to cell surface-associated MMPs.
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Fig. 9. A. MTI-MMP Tet-Off MCF-7 cells grown for
N 24 h in the presence or in the absence of I pg/ml of
TN - b 4 4 4 4 doxycycline were treated with the indicated concen-
M - - & £ & o+ 4 3edngal trations of recombinant, soluble catalytic domain of
ﬂh?’:—lm e 9 100 SH 25 16 9 aghnl MT]“AM_for 15 min at 37° C. B. MT1-MMP Tet‘w
estalytic T R - Jl]{erF-7cel§s_ grown for 24 Zn t{u; p;tese'nmc; of id Hg/ml
EREY? ‘ _-' ) of doxycycline were treated with the inaicated con-
mbetatatateter centrations of llomastat for 15 min at 37 C. At the
Demsist 4 S 35 625 31 16 &8s 44 mm B endoftheincubation the cells were treated for 15 min
T with 300 ng/ml of purified TIMP-2. Cell extracts were
L T characterized for ERK1/2 activation and TIMP-2 as
described in the legend to Figs 7.

The cytopiasmic tail and TIMP-2 binding capacity of MT1-MMP is required for ERK1/2 activa-
tion.

To investigate the mechanisms of signal transduction by MT1-MMP and TIMP-2 we characterized the
effect on ERK1/2 activation of mutations in the ecto- and cytoplasmic domains of MT1-MMP. For this
purpose we used: 1) a mutant with a complete deletion of the cytoplasmic domain (A563-582), 2) a
mutant with a point mutation (E240A) in the catalytic domain that causes loss of the proteolytic activ-
ity, and 3) a mutant with a deletion in the pro domain (A42-46) that abrogates the TIMP-2 binding
capacity of MT1-MMP. These mutants have been described [22, 23] and were provided to us by Drs. S.
Zucker and J. Cao (State University of New York at Stony Brook, School of Medicine). Wild-type and
mutant cDNAs were transiently transfected into MCF-7 celis; cell-associated TIMP-2 and ERK1/2
activation were characterized 48 h later. The results showed that cells expressing the MT1-MMP mu-
tants did not bind TIMP-2 and did not activate ERK1/2 (Fig. 10).

Fig. 10. Wild-type MTI-MMP or the
indicated were transfected into
subconfluent MCF-7 cells in 24-well

vetor W ACyt A4z catRiA

s # o= F - o= F = ¥ 1D Dplates using 1 ug of the constructs or
L . ) the empty vector (pcDNA3) and 3 dl of
S o " 4 Fugene6. Twenty-four hafier transfec-

- pERKIZ 77 e WP e - «= 4  tion, the cells were incubated with
A - DMEM containing 1% FCS for add-

TIMPZ - wee g o o o ww s e — 35 tional 24 h. After overnight incubation,

100 ng/ml of purified TIMP-2 was
— _ ) , added to the cells for 15 min. ERK1/2

hadned X ] T wliPp@ e — Y uon TIMP-2 and MTI-MMP
were characterized by Western blotting
of cell extracts as described in the leg-

MILMMP ends to Figs. 6 and 7.




Comparable levels of wt and mutant MT1-MMP were exposed on the cell membrane, as assessed by
surface biotinylation of transfected cells (Fig. 11). Therefore, the observed inability of the mutant MT1-
MMP transfectants to bind TIMP-2 were not because the mutated MT1-MMPs were not expressed on
the cell membrane.

8 Fig. 11. MCF-7 cells transfected with wt MT1-MMP or the indi-

¥ g’ . cated mutants as described in the legend to Fig. 10 were washed

P @ ?() 9 KDa  piice with cold PBS, and incubated at 4°C for 30 min with 3-5 ml

. g of biotinylation buffer (bicarbonate buffer, pH 8.6; Amersham)

‘ wig {18 — 8 containing 40 wW/ml of biotin ester (Amersham). At the end of the

MT1-MMP . ; «— 49  incubation, the cells were washed twice with PBS and lysed with

Triton X-100. Cell extracts were chromatographed on a G-25 col-

er
Path W asuLES umn to remove unreacted biotin. The eluted protein was run in an
SDS polyacrylamide gel , blotted to a nitrocellulose membrane,
poiyacry g

and incubated at 22°C for 1 h with horseradish peroxidase-labeled

streptavidin (Amersham) 1:1500 as described [18]. Biotinylated proteins were evidenced by addition of ECL
detection solution.

These results showed that ERK1/2 activation requires both the cytoplasmic tail of MT1-MMP and
TIMP-2 binding to the active site of MT1-MMP (and/or possibly other transmembrane MT-MMPs).
This conclusion is also supported by our finding that soluble MT1-MMP prevents TIMP-2 binding to
the cell surface and ERK1/2 activation (Fig. 9A).

MT1-MMP éxpression and TIMP-2 binding enhance cell proliferation.

To investigate the biological significance of MT1-MMP/TIMP-2-mediated intracellular signaling we
characterized the effect of these proteins in cell proliferation, migration, apoptosis and proteinase ex-
pression, cell functions involved in tumor growth, invasion and metastasis. Induction of MT1-MMP
expression in Tet-Off or Tet-Off transfectants strongly upregulated PCNA expression (Fig. 12) and
stimulated cell proliferation. Addition of purified TIMP-2 to the culture medium enhanced this effect

(Fig. 13).

. Fig. 12. MTI-MMP Tet-Off

A B MCF-7 cells were grown for 24

h in the presence (+) or in the

' absence (-) of 1 pg/ml of doxy-

MT1-M ' - - - NTiNp cycline (DOX) in medium

mngm : _g 4 ? _ : .‘ - . - i MI‘DIO;&IP supplemented with the indi-

Fa e I B e W e By i : cated concentrations of fetal

PCNA & - - RgRp—— " PCNA calf serum (FCS). At the end of

x ' the incubation, Triton X-100

L - 1 ! L ' cell extract protein (40 pg) was

FCS % 25% 1% 1%  FCS electrophoresed in a reducing

v SDS-10% polyacrylamide gel,

transferred onto a nitrocellu-

lose membrane and hybridized

with antibodies to MT1-MMF, and subsequently with antibodies to PCNA. Antigen-antibody complexes were

evidenced with the ECL detection solution (Roche). A and B shw two independent experiments. Induction of

MTI-MMP expression in Tet-Off transfectants strongly upregulated PCNA expression with an effect compa-
rable to that of serum.




Te Ot Fig. 13. MT1-MMP Tet-On or Tet-Off cells were seeded into
o ‘ 96-well plates (5000 cells /well) in the presence or absence of
TE2ME purified TIMP-2 (100 ng/ml) in medium supplemented with
' 0.5% FCS. Cell number was measured daily with the MTT
_, . " staining method. The results show that MTI1-MMP expression
e TINIP2 induces cell proliferation both in MCF-7 Tet-Off (top panel)
= control and Tet-On cells (bottom panel). This effect is enhanced by
- addition of TIMP-2 (100 ng/ml). In the absence of MT1-MMP
and TIMP-2 both cell lines show a considerably low prolif-
erative activity.
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MT1-MMP - TIMP-2 interaction stimulates cell migration and proliferation through activation
of the ERK1/2 pathway. - :

Addition of TIMP-2 to the culture medium of MT1-MMP expressing cells stimulated cell migration in
a dose-dependent manner but had no effect with cells that did not express MT1-MMP. Inhibition of
ERK1/2 activation with the synthetic inhibitor UO126 blocked TIMP-2-induced cell migration, show-
ing that TIMP-2 -MT1-MMP interaction controls cell movement through activation of the ERK1/2
pathway (Fig. 14 A and B). Similarly, inhibition of ERK1/2 activation abolished MT1 MMP/'IIMZP 2-

induced stimulation of cell proliferation, as assessed by PCNA expression (Fig. 15).
A ,
. B

FMTI-NMP

nimbariol migrelss ce)ls T membrane:

PTTETE T - - uuoe
DA i N AR x ¢ lu 100 10 +TO126 )
10 100 108 +D0126 TIMP-Z (ng/ml)

TIMP-2 (ng/ml)

Fig. 14. A. MT1-MMP Tet-off MCF-7 cells grown for 24 h in the presence or absence of 1 ug/ml of doxycycline
were seeded in the upper compartment of Boyden chambers containing 8-pm pore PVP-free polycarbonate
membranes (2.5x10¢ cells/200pd of DMEM containing 0.5% FCS). The indicated concentrations of purified
TIMP-2 and the MEK inhibitor UO126 (10 pM), were added in the upper compartment of the chambers. After 6
h incubation at 37°C, migrated cells were fixed and stained (Diff-Quick stain kit). B. The migrated cells were
counted with a light microscope. Mean and standard deviation of triplicate samples from a representative ex-
periment are shown. This experiment was repeated three times with comparable results.
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Fig. 15. MT1-MMP Tet-off MCF-7
cells grown for 24 h in the presence or

TIMP-2 (100 ng/ui) absengeof 1ginlof doxycycline were
PCESP ] ’ ] _ treated with purified TIMP-2 or an
MTi—MMP - o+ . 0#F - F - # equivalent volume of control medium.
e A set of cultures were pretreated for 10
PONA e e e __.»  minwiththeMEKinhibitor UOI26(10

HM). Triton X-100 cell extract protein

‘ | (40 ug) was electrophoresed in a re-

NI (1R v D ducing SDS-10% polyacrylamide gel,

Uom (mmM) blotted onto a nitrocellulose membrane

and hybridized with antibodies to

b.a ’ PCNA. Antigen-antibody complexes

qctin "y b B OB W . O were evidenced with the ECL detection

: - ke ‘ solution (Roche). Beta-actin is shown
as a control for equal loading.

MCF-7 cell apoptosis is not affected by MT1-MMP or TIMP-2

Data shown in our previous report indicated that MT1-MMP expression induced MCF-7 cell apoptosis.
These data were not confirmed. Experiments measuring PARP degradation, a marker of apoptosis, with
two different antibodies to this protein showed no apoptosis in MCF-7 with or without expression of
MT1-MMP. Similarly, addition of TIMP-2 to the culture medium had no effect on MVF-7 apoptosis.

ov kDa g, 16. Effect of MT1-MMP on MCF-7 cell
T apoptosis. MT1-MMP Tet-Off MCF-7 cells
PARP : e anl T 1 J - 1"5 (Fig. 3) were grown in the presence or in the
- - bt 85 absence of 1 pg/ml of doxycycline in medium

containing either 10 % or 1 % fetal calf serum

ool ;.'

PSSPARP  ‘ewww ~ 8 (1CS). Afrer 24 hincubation, Triton X-100 cell
LA o o extract protein (40 ug) was electrophoresed in
Padin musesen - ap o 0 a reducing SDS-10% polyacrylamide gel, trans-

MT1 '_ll IMP - R TR ferred onto a nitrocellulose membrane and

R + ] ¥ ":, +, hybridized with antibodies that recognize ei-

FCS - 1% ‘ lﬂ%‘ ther native PARP (PARP) or only its 85-kDa

degradation product (p85 PARP). The mem-

brane was also probed with anti-f-actin anfi-
bodyas a control for equal loading. Antigen-antibody complexes were evidenced with the ECL detection solution
(Roche). MT1-MMP expression (+ or -), indicated on the bottom, refers to samples incubated in the absence or
in the presence of doxycycline, respectively.

MT1-MMP expression downregulates the level of cell-associated urokinase plasminogen activa-
tor.

To investigate potential effects of MT1-MMP/TIMP-2-mediated intraceltular signaling on other cell
functions involved in tumor invasion, we characterized the expression of urokinase plasminogen acti-
vator (uPA) in MT1-MMP Tet-Off transfectants in the presence or absence of exogenous TIMP-2. uPA,
a serine proteinase, has been implicated in the extracellular matrix degradation that occurs in a variety
of tissue remodeling processes including tumor invasion [7]. Casein/plasminogen zymography analy-
sis of extracts of MT1-MMP Tet-Off transfectants grown in the presence of doxycycline (i.e. without .
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expression of MT1-MMP) showed a 55 kDa Iytic band that was absent when plasminogen was omitted
in the gel (Fig. 17 A). This observation showed that this Iytic band is associated with a plasminogen
activator whosé M is consistent with that of human uPA [7]. Induction 6f MT1-MMP expression
strongly downregulated the level of uPA associated with the cell extracts and upregulated the amount of
uPA present in the cell-conditioned medium (Fig. 17 B). Incubation of the cells with Ilomastat or with
U0126, a synthetic inhibitor of ERK 1/2 activation dramatically upregulated the level of cell-associated
uPA both in cells that expressed and in cells that did not express MT1-MMP. Addition of TIMP-2 to the
culture medium did not modify this effect (Fig. 17 B). Thus, MT1-MMP expression downregulates the
level of cell-associated uPA through activation of the ERK1/2 signaling pathway.

A

MT1-NIMP - + -+
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Fig. 17. A. Extracts (160 ug protein) of MT1-MMP Tet-
On cells grown for 24 k in serum-free medium with or
without I ug/ml of doxycycline were electrophoresed in

.a SDS/10% polyacrylamide gel. After washing twice with

200 ml of 2.5% (v/v) Triton X-100 at 22° C for 2 h to
remove SDS, and 3 times for 5 min with H,0 to remove
Triton X-100, the gel was cut in half. One half was over-
laid with a 2% agarose gel containing 3% (v/w) non-fat
milk and 5 pg/ml of purified human plasminogen. The
other half was overlaid with a similar agarose gel in
which plasminogen was omitted. The gels were incu-
bated in a moist chamber a 37° C for 24 b, and finally
stained with 1% Amido Black in 45% (v/v) methanol,
10% (v) acetic acid and destained in the same solu-
tion without dye [24]. The M, of the lysis band was de- -
termined by reference to high-molecular mass (14.3 -
200-kDa) standards (Rainbow Markers; Amersham, En-
gland). B. MT1-MMP Tet-On cells were grown for 24 h
in serum-free medium with or without 1 pg/mi of doxy-
cycline in the presence or absence of the MEK inhibitor
UOI126 (10 uM). At the end of the incubation the indi-
cated cultures were treated with TIMP-2 (100 ng/mi)
and/or lomastat (GM6001) for 15 min. Cell extract (160
Hg) and conditioned medium (20-30 d, normalized to
the protein concentration of the corresponding cell ex-
tract) were characterized by casein/plasminogen
zymography as described for panel . ’




Other Results.

+ >

Membrane-type 1 matrix metalloproteinase (MT1-MMP) has been implicated as a physiologi-
cal activator of progelatinase A (MMP-2). We previously reported that plasmin treatment of cells re-
sults in proMMP-2 activation and increased type IV collagen degradation [18]. Now we analyzed the
role of MT1-MMP in plasmin activation of MMP-2 using HT-1080 cells transfected with MT1-MMP
sense or antisense cDNA. Control, vector-transfected cells that expressed endogenous MT1-MMP, and
antisense cDNA transfectants with very low levels of MT1-MMP did not activate proMMP-2. Con-
versely, cells transfected with sense MT1-MMP c¢cDNA expressed high MT1-MMP levels and pro-
cessed proMMP-2 to 68/66-kDa intermediate activation products. Control cells and MT1-MMP
transfectants had much higher levels of cell-associated MMP-2 than antisense cDNA transfectants.
Addition of plasmin(ogen) to control or MT 1-MMP-transfected cells generated active, 62-kDa MMP-
2 but was ineffective with ntisense cDNA transfectants. The effect of plasmin(ogen) was prevented by
inhibitors of plasmin but not by metalloproteinase inhibitors, implicating plasmin as a mechanism for
proMMP-2 activation independent of the activity of MT1-MMP or other MMPs. Plasmin-mediated
activation of proMMP-2 did not result from processing of proMT1-MMP and did not correlate with
o B, integrin or TIMP-2 levels. Thus, plasmin can activate proMMP-2 only in the presence of MT1-
MMP; bowever, this process does not require the catalytic activity of MT1-MMP.

The results discussed briefly in this paragraph have been published in The Journal of Cellular

Physiology (192: 160-170, 2002). A reprint is enclosed in the Appendices section of this report.

KEY RESEARCH ACCOMPLISHMENTS

e Generation of human MCF-7 mammary carcinoma cells that express MT1-MMP under control by
the tetracycline resistance transactivator (Tet-On and Tet-Off). »

e MTI1-MMP expression and TIMP-2 binding induce Ras and ERK1/2 activation with a dose-depen-
dent effect. '
Inhibition of TIMP-2 binding to cell membrane-bound MT1-MMP abolishes ERK1/2 activation.
The cytoplasmic tail and TIMP-2 binding capacity of MT1-MMP is required for ERK1/2 activa-
tion.
MT1-MMP expression and TIMP-2 binding enhance cell proliferation and migration.
MT1-MMP - TIMP-2 interaction stimulates cell migration and proliferation through activation of
the ERK1/2 pathway. ’
MT1-MMP expression downregulates the level of cell-associated urokinase plasminegen activator.
Plasmin activates pro-matrix metalloproteinase-2 (proMMP-2) with a MT1-MMP-dependent mecha-
nism.

REPORTABLE OUTCOMES

Monea M, Lehti K, Keski-Oja J, Mignatti P. Plasmin activates pro-matrix metalloproteinase-2 with a
membrane-type 1 matrix metalloproteinase dependent mechanism. J. Cell. Physiol 2002, 192: 160-
170. : ’
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CONCLUSIONS

The results reported show that MT1-MMP controls a variety of breast cancer cell fimctions.
Some of these effects are mediated by MT1-MMP interaction with its physiological ligand, TRMP-2
These conclusions are based on the following observations: a) MT1-MMP expression and TIMP- 2
binding induce Ras and ERK1/2 activation in a dose-dependent manner; b) in contrast, a synthetic
inhibitor of MMPs (Ilomastat) that competes with TIMP-2 for binding to the MT1-MMP active site
abolishes ERK1/2 activation; ¢) MT1-MMP mutants devoid of the cytoplasmic tail and/or TIMP-2-
binding capacity do not mediate ERK1/2 activation; d) MT1-MMP expression and TIMP-2 binding
stimulate cell proliferation and migration through activation of the ERK 1/2 signaling pathway; €) MT1-
MMP expression downregulates the level of cell-associated urokinase plaminogen activator. These
conclusions are schematized in the diagram below.

The observed effects of TIMP-2 in cells

 that do not express MT1-MMP may be medi-

1 ated by MT2- and/or MT5-MMP, members of

N | the MT-MMP class of transmembrane protein-
=— @@ me2 ases that are expressed by MCF-7 cells. This
B conclusion is supported by our observation that
reagents that compete with TIMP-2 for bind-
ing to the catalytic site of MMPs (Tlomastat

~ and soluble MT1-MMP) complete abrogate the

Prlzm N ? | levels of cell-associated TIMP-2 and block
Migration ~ ERKIA activation ERK1/2 actwaﬁop

Decreased ' Data discussed in our previous report

wPA indicated that MT1-MMP-mediated activation

of Ras and ERK1/2 occurred in the presence
of the synthetic MMP inhibitor llomastat. This effect was modulated in different ways by the addition
of TIMP-2 and/or MMP-2 or complex thereof, which also had opposing effects on p38MA™ activation
and induction of apoptosis. These Tesults have not been confirmed in our laboratory, and we believe
they reflected experimental flaws. The results described in the present, final report have been repeated
numerous times. Some of these results are not conclusive and require further investigation, in particu-
lar the results showing downregulation of cell-associatated uPA in cells expressing MT1-MMP. Sev-
eral non-mutually exclusive mechanisms can mediate this effect: decreased expression of the uPA and/ -
or uPA receptor (WPAR) gene, removal of uPAR-bound uPA or increased internalization and degrada-
tion of uPAR-bound uPA. Because both uPA and MT1-MMP have been implicated in cell migration, it
is tempting to speculate that the opposing modulation of these two proteins reflects a mechamsm to
coordmate adhestve and/or proteolyticfunctions that control cell movement.

. Our finding also indicate that treatment of tumors with synthetic proteinase inhibitors may
result in upregulation of the tumor cell expression of a different family of proteolytic enzymes. If
confirmed, this observation may be useful to our designing novel anti-proteolytic treatments aimed at
blocking tumor invasion, metastasis and/or angiogenesis.

In conclusion, our data show a novel mechanisms of intracellular signaling mediated by the
MT1-MMP/TIMP-2 complex. The activated signaling controls a variety of cell functions involved in
tumor growth and invasion. These findings may provide the basis for the development of novel phar-
macological tools aimed at inhibiting tumor progression.
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MEMBRANE-TYPE 1 MATRIX METALLOPROTEINASE DEPENDENT

MECHANISM.
by Monea M, Lehti K, Keski-Oja J, and Mignatti P.
Published in the J. Cell. Physiol. 2002, 192: 160-170.

17




A\

JOURNAL OF CELLULAR PHYSIOLOGY 192:160-~176 {2002)

:’,

Plasmin Activates Pro-Matrix Metaﬂoprotemase-Z _W'th a

Membrane-Type 1 Matrix Metalloproteinase-Dep:

dent

Mechanism

SARA MONEA,” KAISA LEHTL,” JORMA KESKI-OJA,? axo PAOLO MIGNATTI

7Deparl‘ment of Surgery, S.A. Localio Laboratory for General Surgery Research, New York, New York
2Departments of Pathology and Virology, Haartman Institute and Helsinki University Hospital,

University of Helsinki, Finland
3Department of Cell Biology, NYU Schoo! of Medicine, New York, New York

Membrane-type 1 matrix metalloproteinase (MT1-MMP) has been implicated as a
physiological activator of progelatinase A (MMP-2). We previously reported that
plasmin treatment of cells results in proMMP-2 activation and increased type [V
collagen degradation. Here, we analysed the role of MT1-MMP in plasmin activa-
tion of MMP-2 using HT-1080 cells transfected with MT1-MMP sense or antisense
cDNA. Control, vector-transfected cells that expressed endogenous MT1-MMP,
and antisense cDNA transfectants with very fow levels of MT1-MMP did not
activate proMMP-2, Conversely, cells transfected with sense MT1-MMP cDNA
expressed high MT1-MMP levels and processed proMMP-2 to 68/66-kDa
intermediate activation products. Contro! cells and MT1-MMP trarisfectants had
much higher fevels of cell-associated MMP-2 than antisense cDNA transfectants.
Addition of plasmin(ogen) to control or MT1-MMP-transfected cells generated
active, 62-kDa MMP-2, but was ineffective with anlisense ¢DNA transfectants.
The effect of plasmin{ogen) was prevented by inhibitors of plasmin, but not by
metalioproteinase inhibitors, implicating plasmin as a mechanism for proMMP-2
activation independent of the activity of MT1-MMP or other MMPs. Plasmin-
mediated activation of proMMP-2 did not result from processing of proMT1-MMP
and did not correlate with a.B; integrin or TIMP-2 levels. Thus, plasmm can
activate proMMP-2 only in the presence of MT1-MMP; however, this process does

not require the catalytic activity of MT1-MMP.

2002. © 2002 Wiley-Liss, Inc.

The matrix metalloproteinases (MMPs) are a family
of enzymes involved mm a variety of physiological and
pathological processes that require extraceliular ma-
trix remodeling, such as organogenesis, wound repair,
tumor invasion, and metastasis. Besides few exceptions,
MMPs are secreted in an inactive form (proMMP) axnd
are activated extracellularly by limited proteolytic
cleavage of the N-terminal “pro” peptide, with a subse-
quert decrease in M, of about 10 kDa. In extraceliular
spaces, active MMPs are inhibited by the tissue inhi-
bitors of metalloproteinases (TIMP). MMPs are involved
in 2 cascade of proteolytic reactions that also involve
components of the plasminogen activators (PA)-plasmin
systemn. All these enzymes act in concert to degrade
most protein components of the extracellular matrix
(ECM) (Kleiner and Stetler-Stevenson, 1993; Mignatti

. and Rifkin, 1993, 2000).

MMP-2 and -9 (type IV collagenases/gelatinases, or

' gelatinase A and B, respectively) play an important role

in tumor invasion and metastasis (Matrisian, 1990;
Senior et al., 1991; Kleiner and Stetler-Stevenson, 1993
Aimes and Qu;gley, 1995). The physiological mechan-
isms of activation of these enzymes are not completely
understood. MMP-2, in particular, has unique require-

© 2002 WILEY-LISS, INC.

J. Cell. Physiol. 192 160-170,

ments for activation. Four memibrane type
(MT]'-’ M’rrz" MT3') and M,PS'MMP S) have been -m. Y p}' i-

cated as physioclogical proMMP-2 activators. ‘These -

MT-MMPs are bound to the cell membrane through a C-
terminal hydrophobic sequence, and have the mtafyhc
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" domain exposedon the cell surface (Sato et al, 1994;

Puente et al., 1996).
Membrane—type 1 matrix metalloproteinase (MT1-

MMP), a 63-kDa protein expressed by mest cell types’

and tissues, processes 72-kDa proMMP-2 into an
intermediate 68/66-kDa form, which may . undergo
autocatalytic processing to the active 64/62-kDa form
(Strongin et al, 1993; Strongin et al, 1995; Atkinson
et al,, 1995; Sato et al,, 19963 b; Will etal 1996) How-
ever, ‘this Pprocess requires overexpression of MTi-MMP
by transfection or treatment of cells with concanavalin
A, phorhol esters, or transforming growth factor -1
(TGF-B1) Brown et al., 1990; Overall and Sodek, 1990;
Atkinson et al., 1995; Strongmetal 1995; Lohletal,
1996). In addition, proMMP-Z activation.by MT1-MMP
requires the presence of TIMP-2, although high con-
centrations of TIMP-2 inhibit proMMP-2 activation
{Strongin et al., 1993; Strongin et al., 1995). In the
presence of TIMP-2 tri-molecular complexes consisting
of MT1-MMP, MMP-2 and TIMP-2 are formed on the
membrane of HT-1080 fibrosarcoma cells. In these
complexes, the C-terminal tail of TIMP-2 interacts with
the C-terminal hemopexin domain of proMMP-2, and
the N-terminal inhibitory domain of TIMP-2 bindsto the
catalytic site of MT1-MMP. MMP-2 also binds to a-fs
integrin through its C-terminal domain (Brooks et al.,

1996, 1998; Deryugina et al., 2001a), indicating that

- BM-2mi:erachonw1ththeceﬂsmfacecanbemedJated'
by multiple binding sites. In addition to -activating

proMMP-2, recombinant MT1-MMP mutants that lack
the transmembrane domain degrade collagens, gelatin,
fibronectin, and laminin (Pei and Weiss, 1996).

Several serine proteinases like thrombin and neutro-

phil elastase, cathepsin G, and proteinase-3 activate

proMMP-2 by acting in-concert with MT1-MMP (Zucker
et al, 1995; Galis et al., 1997; Lafleur et al., 2001;

Shamamian et al., 2601). We have previously reported
thatcorhponents of the urokinase (uPA)-plasminsystem
areinvolved in the control of type IV collagenase activity
on the cell surface. In cell cuttuires, physiological con-

* centrations of plasmin activate both proMMP-9 and -2

without the action of other métallo- or acid proteinases.
both MMP-9 and -2 (Mazzieri et al., 1997) To character-

ize the cell mesiibrane components: reqmred for plasmin- -

mediated activation of MMP-2, we studied potential
interactions between MT1-MMP, , &Pz integrin, FIMP-2,

- and plasmin. We report here that' proMMP-2 activation

by plasmin requires expression, but not the catalytic
activity of MT1-MMP and does not correlate vnth avﬁs
and TIMP-2 levels,

MATERIALS AND METHODS
Materials

Human plasminogen was purified as described
(Ossowski et al., 1973; Unkeless et al., 1973); gelatin-
Sepharose (gel- Seph) was purchased from Pharmacia

Biotech AB (Uppsala, Sweden), gelatin from Merck
(Dearmsta

dt, Germany), aprotinin, 1,10-phenanthroline,

and 4-ammo phenylmercuric acetate (APMA) from

Sigma (St. Lou:s MO), the MMP-substrate, Mca-
pro-len-Gly-Len- Dpa-Ala—Arg NH,, from Calbiochem-
Novabiochem International (Schwalbach, Germany).
Protein eoncentranons were measured by the Bradford

mented with 10% FCS and 250 pgfral of-
{Sigma). Geneticin-resistant cell .clones wel

" and/or the indicated concentratlons of proteinase: mb: )

protein assay reagent ?Blo-Bad, Melvﬂle NY)xzsmg
bovine serum slbumin (BSA) (Sigma) as a-standard. -
Antibody to a 26-residite synthetic peptide correspornd-
ing to the C-terminal, intraceliular domain of human
MT1-MMP {amino acid residue 557-<582) has been de-
seribed. The antibody was purified by affinitty chfomato-
graphy with the axntigen coupled to CNBr-activated
Sepharose 4B (Lohi et al.; 1996). Antibodies to TINMP-1
and -2 were purchased from Calbiochem-Novabiochem
International, antibodies to «, and B integrin chains
from Chemicon (Temecula, CA) and from Transduction
Laboratories (Lexington, KY), respectively.

Cells and culture medium

Human HT-1080 fibrosarcoma cells were originally
obtained from the American Type Culture Collection
(ATCC, CCL-121) and giown in Dulbecco’s mhinimum
essential medium (DMEM) supplemented with 10%
fetal caif serum (FCS), 2 mM L-ghitamine, 100 Ufnl of
penicillin, and 100 pg/ml of streptomycin (GIBCO-BRL,
Gaithersburg, MD).

Transfection of HT-IOBO eelIs
with MT1-MMP ¢cDNA

The expression plasmids containing nucleotides

. 1-2,3690f MI‘I-MMP ¢DNA (pc3SE) or the correspond-
ing antisense cDNA (pc3AS) under transcriptional con-
trol by the CMV promoter in the pcDNAS vector have

been described (Lohi et 4l., 1996). For siable frans-
fection, 8 ml of OPTI-MEM (GIBCO- BRL) was gently
mixed with 9 ug of either pe3 or pc3SE of pE3AS and 80 ul
of Lipofectin (GIBCO-BRL), and the mixture was in-
cubated &t room temperature for 40 min. Subcérifitient
HT-1080 cells in 10-cm dishes were washed twice with
serum-free DME. The mixture was added to thé-cells
and incubated at 37°C for 16 h. The célls were washed
with DME and incubated with 10 ml ofDMEsappie- '

tured in DME containing 200 pgfml of gene

-pression of MT1- MZMPby the cell clones was a.nalysed ;
. by Western blottmgas d&cribed below L
On the contrary, in soluble phase, plasmin degrades :

Pxeparanonofeell extracts L
- and condxt:onedmedm S ,
HT-1080 celis: were ‘seeded into 10:cm c::ltu:te dlshes
at adensity of 2. 6 x 10” celis/dish. THe cells werewashed
twice with phosphate-buffered saline (PBS) to remove
residual FCS, andmwbatedformhmth4nﬂ/dishof-
Seruin- freeDME witheer without4 pg/mlo

bitors. The culture sy ts were eén 7
500g at 22°C for 10 min. For gelatin zymography, the -
cells were washed twice with PBS Iysedfor 10mionice
with 1 mY/dish of Triton X-100, 0.5% (v/v) in 0:1 M Tris-

HC], pH 8.1 (ysis buffer) under constant shaking, and
scraped with a rubber policernan. For Western blotting,
the cells were washed with PBS, scraped with a rubber
policeman, centrifuged in an Eppendorf tube for 3 min,
and resuspended in 100 plof lysishuffer onice for 10min. -
For the analysis of TIMP-2 or -1 in cell-conditioned

media, 1 m! of serum-free enlture supernatant was con-
centrated with Centricon tubes. The cell lysates were
centnfuged at800gfor 10m.mat4°C Condmonedmedla' ’




Cell extracts (0.8—1.0 mg of protein in 1 ml) or condi-
tioned media (4 ml) were incubated at 4°Cfor 1 hin an
end-over-end mixer with 25 pl of gel-Seph equilibrated
with 50 mM Tris-HCl, 150 mM NaCl, 5mM CaCl,, 0.02%
(v/v) Tween-20, 10 mM EDTA, pH 7.6 (Collier et al,,
1988). After four washes with 1zl of eth'branonbu.ﬁ‘er
containing 200 mM NaCl, the beads were resuspended
in 30 pl of 4 x non-reducing Laémmli buffer, and loaded
onto SDS-8% polyacrylamide gels containing 1mg/mlof
gelatin. After electrophoresis, the gels were washed
twice with 200 mi of 2.5% (v/v) Triton X-100 at 22°C for
2htoremove SDS, and three times for 5min with H»0 to
remove Triton X-100. The gels were incubated in 50 mM
Tris-HC], 0.2 M NaCl, 20 mM CaCl,, pH 7.4 at 37°C for
6-12 h, stained overnight with Coomassie Brilliant
Blue R-250 0.5% (w/v) in 45% (v/v) methanol, 10% (v/v)
acetic acid, and destained in the same solution without
dye (Heussen and Dowdle, 1980). The M,s of the lysis
bands were determined by reference to high-molecular
mass (14.3-200 kDa) standards (Rainbow Markers;
Amersham, Biosciences, Piscataway, NJ).

Western blotting

Concentrated conditioned media or cell extracts
(80 ug) were electrophoresed in & reducing SDS—poly-
acrylamide gel and electroblotted to a mitrocellulose
membrane (Hybond-C Extra, Amersham). The non-
specific protein binding sites of the membranes were
saturated in 20 mM Tris base, NaCl 150 mM, 0.1%
Tween 20, pH 7.4 (TBS-T) containing 5% milk (Carna-
tion) at 22°C for 1 h or at 4°C overnight, and reacted at
22°Cfor 1h in TBS-T containing 5% milk and pre-tested
dilutions of rabbit antibody to either MT1-MMP or to
the ., or B3 integrin chains, or mouse anti-TIMP-1 or -2
antibody. The membranes were incubated in TBS-T
containing horseradish peroxidase-labeled anti-rabbit
or anti-mouse IgG (Amersham) at 22°C for 45 min. Each
step was followed by extensive washing in TBS-T (4 ml

% at 22°C. After removing the TBS-T buﬂ'er, the
membranes were incubated with 0.125 ml/em? of ECL
detection solution (Boehringer) at 22°C for 1 min and
exgosed to films (Hyperﬁlm MP, Amersham) for 10 sec
to 5 min. -

MMP activity assay

The flucrogenic MMP substrate Mcz-Pro-Leu-Gly-
Leu-Dpa-Ala-Arg-NH2-AcOH was dissolved to 1.0 mM
in dimethylsulphoxide as described (Bnight et al., 1992)
and stored at 4°C in the dark to avoid photo-oxidation.
To measure gelatinase activity, the substrate was
dituted to 10 M in 50 mM Tris-HCl, 0.2 M NaCl,
20 mM CaCly, pH 7.4 (assay buffer). Increasing volumes
(10-300 ul) of control medium or cell-conditioned
medium (CM) were added to 500 ul of assay buffer con-
taining the substrate, and the reaction mixture was
incubated at 37°C in the dark for 30 min to 6 h. At the
end of the incubation, the reaction was blocked by addi-
tion of 500 pl of 10% acetic acid. The reaction pro-
duct was measured as described, using a FluoroMax-2

emission max
393 nm). APMA (1 mM)-treated oeH—CM or CM supple-
mented with EDTA (10 mM) was used as positive or
negative control, respectively. As a control for the
specificity of the assay for the gelatinases, CM was
pretreated with gel-Seph as described above and the
supernatant of the resin, depleted of the gelatinases,
was tested in the assay. Safmples and controls were
assayed in duplicate. The total amount of gelatinase
activity present in the conditioned media was assessed
by pre-treating samples with APMA as described above.
By gelatin zymography, APMA treatment resulted in
complete activation of MMP-2 and -9 (Mazzieri et al.,
1997; and data not shown).

fluerimeter (excitatioR max 325 nm,
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and cell extradts were immediately analysed by Western
blotting and/or gelatin-zymography.

Gelatin zymography

RESULTS
MT1-MMP expression and proMMP-2
activation in HT-1080 cells transfected
with MT1-MMP sense or antisense cDNA

Non-transfected HT-1080 cells and clones of HT-1080
cells transfected with sense or antisense MT1-MMP
¢DNA, or with the control vector were characterized by
Western blotting with antibody to the intracellular
domain of MT1-MMP. Consistent with previous reports
(Lohi et al., 1996; Lehti et al., 1998, 2000; Stanton etal.,
1998; Zucker et al. 1998), multlple forms of MT1- MMP
with M 63,000, 60060 58,000, and 43,000 were
detected (Fig. 1). These polypeptxdes ccrrespond to pro-
and active MT1-MMP and further cleavage products of
the enzyme (Lohi et al, 1996; Lehti et al., 1998, 2000;
Stanton et al., 1998; Zucker et al., 1998).

Non-transfected cells (not shown) or cells transfected
with the control vector constitutively expressed 60- and
58-kDa MT1-MMP (Fig. 1A). Under comparable immu-
noblotting conditions, the levels of these MT1-MMP
forms were dramax:ical}y reduced in all the antisense
¢DNA-transfected cell clories, relative to those of control,
vector-transfected cells (Fig. 1C). Al the clones of cells
trensfected with the sense cDNA éxpressed 60~ and
58-kDa MT1-MMP, in addition to the 63-kDa pro-
enzyme and the 43—kDaband(Fﬁg 1E), consistent with
previous findings that the generation of this peptide
is associated with overproduction of MT1-MMP (Lohi
et al, 1996; Lehti et al., 1998; Stanton et'al, 1998).

The transfected celis were next cbaractenzed ‘for
gelatinase expression and activation by gelatin zymo-
graphy of CM or cell extracts. MMP-9 was presént ini the
CMofaJlthetransfeotedceﬂclonespnmarﬁymzts
inactive, 92-kDa form. in contrast, the pattern of MMP-
2 forms showed significant differences among the
different transfectants. Non-transfected HT-1080 cells
(not shown) and cells transfected with the vector alone,
which constitutively express active {60-kDa) MT1-
MMP, secreted MMP-2 only in its 72-kDa proenzyme
form as did antisense ¢DNA transfectants that express
very low amounts of MT1-MMP (Fig. 1B, D). In contrast,
in the CM of cells transfected with MT1-MMP cDNA 68/
66-kDa MMP-2 was detected in addition to the 72-kDa
proenzyme (Fig. IF). Consistent with previous reports,
MMP-2 activation correlated with the overexpression
of 63- and 60-kDa MT1-MMP and with the generation
of the 43-kDa form of MT1-MMP (Lehti et al.,, 1998;
Stanton et al., 1998). .
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Fig. 1. Characterization of MT1-MMP and gelatinases in clones of
HT-1080 cells transfected with MT1-MMP sense or antiserise cDNA
ar with the vector alone. Western blots (A, C, E) of Triton X-100 cell
extracts (80 pg) and gelatin zymograms (B, D, F) of serum-free
medium conditioned by clones of cells transfected with the empty
vector (V), or with antisense (AS), or sense (SE) MT1-MMP ¢DNA.

Gelatin zymography of cell extracts (Fig. 2) showed
MMP-2 associated with cells transfected with MT1-
MMP cDNA or with the control vector. Very low levels
of MMP-2 were associated with extracts of antisense

MTI-MMP
SE  AS Controi

ti %

123456

Fig. 2. Chmdemaﬁmofee&assouatedge]amas&mdonesof
HT-1080 cells transfected with MT1-MMP sense or antisense cDNA
or with the vector alone. Zymographic analysis of the

associsted with Txiton X-100 cell extracts (A) or serurn-free condi-
tioped media (B) of HT-1080 cell clones transfected with MT1:MMP

¢DNA (SE), the corresponding

vector (Control). MT1-MMP expression by the indicated
shown in Figure 1. Conditioned media and cell extracts were analyzed
by gelatin zymography as described under Materials and Methods
mm.MolecularmasaesaresbownmkDaontheleﬁ.Thxsatpen
ment was repeated twice vnth eomparable

antisense cDNA (AS), or the empty

. 1998), a pamel of MT1- MMP

cell dones is

; ¥

Western blotting with anti- M'I‘l P aﬂt:body &nd gelatin zymo-

gtaphy were performed as described under Materials and Methods
section. The films shown in A, C, and E were all exposed for 1 min and

developed under the same conditions. Molecular weight markers

are shown on the left. These experiments were repeated twice with

comparable results.

MT1-MMP ¢DNA transfectants that exprees vn'tually E
no MT1-MMP, although these cells secréted amotmnts
of 72-kDa MMP-2 comparable to those of the other
cell clones (Fig. 2B). This finding indicated a role for

MT1-MMP as a major MMP-2 binding site on the cell -

membrane,

TlMP—zandavssmbegnnexpmonm
senseorantrsenseM'I’iMl\dPﬁmiectants

Because TIMP-2 and aoPs inteprin Have been itn-

| plicated in the cell surface binding and aitivation of

proMMP-2 (Strongin et al., 1995; Brooks et al., 1996,
ransfactant oell clonies
were characterized for the expression of these pro v
(Fig. 3). By Western biotting, eontrol celis and antisense
MT1-MMP transfectants secreted
TIMP-2 (Fig. 3A, lene 1-4). In contrast,. the relative -
levels of TIMP-2 in the CM of MT1-MMP-transfected
cells were dramatically lower (Fig. 8A,lane 5-7).Cell -

extracts of all the clones contaitied comparable amonnts -

of TIMP-2 (Fig. 34), indicating that the Tow TINMP-2
levels in the CM of MT1-MMP transfectanits did not
result from increased TIMP-2 bmdmg to MT1-MMP
or the ECM. Similar differences weéte obsérved i the
amounts of secreted TEMP-1, which was ttidetectablein -
the CM of MT1-MMP {ransfectants(see below, Fig. 7F).
Likewise; the Jevels of the o, and Bz integrin chizins wetre
considerably lower in the MT1-~ MMP tzansfectantsthan
in the other cell .clones (Fig. 3A). Thus, no correlstion
was apparent between TIMP-2 or o, B3 lévels arid the cell
surface binding and activation of proMMP-2, .

To investigate whether the downregulation of avBs
and TIMP-2 resulted from increased MMP activity In
the MT1-MMP transfectants, the cells were growm in
the presence of the MMP inhibitor Marimiastat (10 uM).
In the presence of Marimastat, the CM of all the clones
contained comparable levels of TDMP-2 (Fig. 3B), im-
phcatmg MMP actmty in TIMP-2 downregulatuon.j o

similar amounts of
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Fig. 3. Characterization of MT1-MMP, gelatinases. «,Bs integrin,
and TIMP-2 in clones of HT-1080 cells transfected with either vector
alone (control V) or with MT1-MMP agtisense (AS) or serse <DNA
(SE). Confinent cells were grown for 16 h in seram-free medium in the
absence (Paxed A) or in'the presence (Panel B) of Marimastat 10 yM
The cells were lysed with Triton X-100 05% (v/v) in 0.1 M Tris-HCL,

In contrast, Marimastat had no effect on 2,B3 levels,
indicating that o, and B; gene expression may be
downregulated in MT1-MMP transfectants.

Plasmin-mediated proMMP-2 activation is
dependent on MT1-MMP expression

Plasmin has been shown to activate proMMP-2 in the
presence, but not in the absence of cells, suggesting &
rale for the cell surface in this process (Mazzieri et al.,
1997). To investigate the potential role of MT1-MMP
in plasmin-mediated proMMP-2 activation, the trans-
fected cell clones were incubated in the presence or
absence of plasminogen (4 pg/ml) for 16 h. HT-1080 cells
secrete high levels of uPA that rapidly convert p i-
nogen into plasmin (Mazzieri et al., 1997; and data not
shown). Gelatinase activation was analysed both by

MAMP-9

MAMP-2

pH 8.1. Eighty micrograms of Triton X-100 cell extracts was

analyzed
by Western blotting with to MT1-MJMP, to the a, or B4
integrin chains, or to TIMP-2. Concentrated CM was analyzed by
gelatin zyimography and Western blotting with antibody to TIMP-2.
Molecular masses are shown in kDa on the 18t of each pandl These
experiments were repeated three times with comparabie results.

degradation of a specific fluorogenic substrate and by
gelatin zymography, as deseribed under Materials and
Methods section. ‘

To assess the linearity of the fluorogenic assay,
increasing volumes (10—300 ul) of medium conditioned
by non-transfected HT-1080 cells in the absence or in
the presence of plasminogen (4 pg/m)) were diluted in
500 pl of assay buffer and incubated in the presence of
the substrate (10 pM) for 30 min to 3 h. The assay was
linear with volumes of CM ranging 10-100 pl and
incubation times raging 0.5-3.0 h (Fig. 4). Addition of
EDTA to the reaction mixture or depletion of the
gelatinases from the CM by gel-Seph chroma
as described under Materials and Methods blocked
substrate degradation (Fig. 5), showing the specificity of
the assay for the gelatinases. Consistent with previous.




Microliters of conditioned medium

Fig 4. Effect ofpiasmmogenonthegelahnaseachv;tyofH'I'lOSO

cells. Medium conditioned by nen-transfected HT-1080 cells in the
presence (@) or in the absence of 4 pgfml of plesminogen (O) was
assayed for gelatinase activity with the fluorogenic assay described
under Materials and Methods section. The activity of the CM was
blocked by EDTA or by pretrestment with gel-Sepk, showing that the
assay is specific {or the pelatinases (see Fig. 5). A: Time course. Cell-
CM (100 pl) was assayed for the indicated time. B: Dose-dependence.
The indicated volumes of cell-CM were incubated with the substrate
for 8 h. These experiments were repeated twice with comparable
results.

findings (Mazzieri et al., 1997), medium conditioned
by non-transfected HT- 1080 cells in the presence of
plasmin(ogesi) showed a 4.5-fold increase in gelatinase
(MKP a%::d -9) ?ct:vrbyrelatzv&’]b; m«)admm conditioned
in the nce of plasminogen 4

The activity produced by the control cells in the
presence of plasmin(ogen) (~40% of the total, APMA-
activatable gelatinase activity) was similar to that of the
MT1-MMP transfectants in the absence of plasmin
(ogen) (Fig. 5). The levels of total, APMA-activatable
gelatinase activity of these two clones were comparable
(see Fig. 5). Addition of plasmin(ogen) to MT1-MMP
transfectants increased the gelatinase activity to ap-
proximately 75% of the total APMA-activatable activity.
In contrast, plasmin only increased the gelatinase
activity of the antisense transfectants to approximately
20% of the total activity (Fig. 5). The total APMA-
activatable gelatinase activity of antisense transfec-
tants wes gpproximately 30% higher than that of the
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l.|—=. - Plg Fig. 5. Effect of plasmin{ogen) and MT1-MMP on gelatinase activity.
50 4 Gelatinase activity of serum-free medium conditioned by comtrol,
vector-transfected cells, or by MT1-MMP sense of antisense cDNA-
transfected cells. Theceﬂswemgrownforlﬁhmsenm free medium
0 " in the shsence or in the presence (+).of 4 pg/ml ¢f plasminogen (Plg).
10 30 100 MMP activity was measured as ibéd under: iats amd

Methods section. Control, non-CM (DME) was tested in the presence
or absence of plasminogen (4 pg/mb) and 4PA (50.0TAR]) asanegaizve-
eontrol. ’W.edmm conditioned in the présénce or absance of plaamino-

in the ebsence or in the presence of either APMA:
a mM) or EDTA (50 mM), or after tresitinent with gel-Seph 82 des-
cribed under Materials and Methods section. 'Ibemvnymeasuredm
the presence of APMA was considered a3 the total gelatinase attivity
(100%) of the CM. The actual fucrometric réadings of the APMA.
treated samples are shown on top of each biack bar (control HT-1080, -
1763; antisense MT1-MMP, 3093; sense MT1-MMP, 2185). The activ-
ity was abolished by EDTA or by pre-treatment of CM with  gel-Sephi,
prd d;:f mm i’:sduph B e shown. This' ey
experimental v. ity of icate samples are shown. experi-
ment was repeated three times with comparablerwdts.

other clones, showing that the 1ower acttwty measn‘red
in the presence of plasmin(ogen) was not. because of
higher TIMP-2 or -1 levels. Withthethreet;(pwof
transfectants substrate degradationh was completely. - -
abolished by EDTA or pre-treatment of the conditioned
media with gel-Seph, showing that the &ctivity fea-

sured was mediated exclusively by gelatinases.

By gelatin zymography, medium conditioned in the
absence of plasmin{ogen) by cells overexpressing MT1-
MMP (Fig. 6, MT1-MMP SE) showed three MMP-2
bands of 72, 68/66 and 64/62 kDa. Control, vector-
transfected cells (W), and antisense cDNA fransfectants
(MT1-MMP AS) showed only one 72-kDa band. Addition
of plasmin{ogen) fo the culture rhedhim of antisense
¢DNA transfectants had no effect on proMMP-2 activa-
tion, although it generated active 84/82-kDa MMP-9
(Fig. 6C). In contrast, addition of plasmin(ogen) to the
culture medium of control cells or MT1 -MMP transfee-
tants generated active, 64/62-kDa MMP-2 (Fig.6A,B,D).
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Fig. 6. Effect of plasmin{ogen) and MT1-MMP on proMMP-2 acti-
vation. Gelatin zymography of s&um—ﬁ'ee medium conditioned by
cantrol, vector-transfected cells (A), MT1-MMP overexpressing cells

(B), or antisense MT1-MMP cDNA-transfected cells (C). The cells
were grown for 16 h in serum-free medium in the absence (~) or in the
presence (+) of 4 yg/ml of plasminogen, with or without addition of
100 ug/m! of aprotinin andfor 10 pg/mi of 1, 10-phenanthrofine, D:
Media conditioned by control, vector transfectants (V) or MT1-MMP
sense cDNA transfectants (MT-SE) were run in the same gelatin
Zymogram to compare the MMP-2 activation products. The samples
were analyzed by gelatin zymography a8 deseribed under Materials
and Methods sectinn. Molecular masses gre shown in kDa on the left
ofeachpmeLTheseexpemnentswmrepeatedfxveum%mth
comparable results.

The plasmin-mediated conversion of 72-64/62-kDa
MMP-2 was less efficient with control, vector-transfect-
edcells than with the MT1-MMP tramsfectants (Fig, 6D).
With the MT1-MMP overexpressing cells, plasmin fully
converted the 68/66-kDa intermediate activation pro-
duet of MMP-2 to active, 64/62-kDa MMP-2 (Fig. 6D).
Thus, plasmin generates active MMP-2 in cells that
express MT1-MMP, but bas no effect on proMMP-2
secreted by cells with very low levels (or virtually devoid)
of MT1-MMP.
In the presence of plasmin(egen) antisense transfec-
tants had no active MMP-2, but secreted 84/82-kDa
MMP-9 (Fig. 6C), suggestmg that the low gelatinase
activity measured by the fluorigenic substrate assay in
the presence of plasmin(ogen) was mediated by acti-
vated MMP-9. MT1-MMP transfectants had a level of
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MMP-9 much lowerthZh those of the other twoclones. In
the presence of plasmin(ogen), MT1- “MMP transfectants
did not show activation of MMP-9 (Fig. 6), an uneipected
but reproducible effect. Thus, the activity measured by
the fluorogenic assay in the CM of these cells was
mediated only or predominantly by NMIMP-2.

These findings suggested that the effect of plasmin on
MMP-2 activation could be mediated either indirectly by
cleavage/activation of cell surface proteins such as MT1-
MMP, o83, or TIMP-2, or directly by activation of cell
surface-associated proMMP-2. To test these hypotheses,
we characterized MT1-MMP, %83, and TIMP-2 by
Western blotting of extracts of cells grown in the
presence or absence of plasminogen. Plasmin had no
effect on the generation of active MT1-MMP (60 and
58 kDa) or the catalytically inactive 43 kDa form both in
control cells (Fig. 7D} and in MT1-MMP transfectants
(Fig. TE). Similar results were obtained by surface
labeling wild-type HT-1080 cells or MT1-MMP trans-
fectamts by the biotin—avidin method (Lehti &t al., 1998)
followed by immunoprecipitation after different incuba-
tion times (30 min—-6 h) in the presence or absence of
varying amounts of plasmin(ogen) (data not shown).
Piasmm also had no effect on the levels of «, or B3

integrin chains expressed by the three cell lines
(Fig. 7AB), but further downregulated the low levels
of TIMP-2 present in the CM of the MT1-MMP
transfectants (see Fig. 3A). Conversely, in the other
two clones, which expressed considerably higher
amounts of TIMP-2, plasmin did not significantly affect
the levels of this inhibitor (Fig. 7C). By immuncblotting,
degradation products of TOMP-2 could not be detected in
the medium of any of the cell clones. Thus, plasmin
activation of proMMP-2 does not appear to be ‘nediated
by proMT1-MMP activation or by cleavage or extra-
cellutar degradation of 4,83 integrin or TIMP-2.

To characterize the relative contribution of plastin
and MT1-MMP to proMMP-2 activation, the transfected
cell clones were grown for 16 h in the presence or dbsence
of plasmin{ogen) and different proteinase ‘inhibitors,
and MMP-2 activation was analysed by gelatin zymo-
graphy of cell-CM. Addition to MT1-MMP transfectants
of 1,10-phenanthroline (10 pgfml) or Marimastat (data
not shown), which inhibit metalloproteinases, resulted
in decreased 68/66-kDa MMP-2 (Fig. 6B). This obser-
vation is consistent with previcus findings that the
proc&ssmgofpmhﬂd?ZfoGS/ﬁGkDals MT1-MMP-
dependent and that conversion to fully active, 62-kDa
MMP-2 occurs through -amtocatalysis (Sato et al,
1996ab). Addition of plasminogen in'the presence or
absence of the metalloproteinase inhibitors resulted in
the conversion of the 68/66-kDa form to 64/62kD2
MMP-2, indicating that plasmin can catalyze the
generation of active 62 kDa MMP-2 under conditions
in which MT1-MMP activity and/or autocatalysis are
inhibited. Conversely, the effect of plasmin(ogen) was
inhibited by addition of aprotinin (100 pg/ml), a sérine
proteinase imhibitor that blocks plasmin activity
(Fig. 6A,B). As addition of aprotinin alone has no effect
on the gelatinases (Mazzieri et al., 1997; and data not
shown), these findings showed that plasmin directly
catalyzes the generation of 64/62-kDa MMP-2 from the
68/66-kDa form generated by MT1-MMP and from the
72-kDa proenzyme.
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Fig 7. MT1-MMP, 2,85 integrin, TIMP-2, and - -1 expression in HT-
IOSOOeHnansl’edantsgsznmtheabsenceormthepmceof
plasmin(ogen). HT-1080 cells transfocted with either the vector alone
(W), or with MT1-MMP sense (SE) or antisense MT1-MMP ¢DNA (AS)
were incubated for 16-h in serom-free medium with (+) or without ()
plasminogen (4 pg/ml). Ejghty micrograms of Triton X-100 cell
extracts was anatyzed by Western biotting with antibodies to the %,
{A), Bs-0B) integrin chatns or to MT1-MMP (D ard E) as Gescribed
under Materials and Methods section. CM (1 m)) was concentrated
andanalyzed'bwatemblottmgthh antibodies to TEMP-2 (C) or
to TEMP-1 (F, medfum conditioned in the absence of plasmiriogen).
Molecalar masses are shown in kDa on the Jeft of each panel These
experiments were repeated three times with comparable results.

DISCUSSION

‘The data reported show several features of MT1-
MMP-plasmin interactions in proMMP-2 activation:
(a) MI’I-MMP and plasmin act in concert to activate
proMMP-2; (b) plasmin activation of proMMP-2 re-
quires the expression, but not the catalytic activity of
MTl-MMP (c) cell-associated proMMP-2 is activated

by plasmin, whereas” soiubie proM'MPz is xiot; (d) -
proMMP-2 activation by plasmin does niot result from -
plasmin-mediated MT1-MMP activation’'and does not
correlate with the «.fs integrin levels or the total
amount of TIMP-2 detécted in the cell cultuires: ’ﬂxese

" conclusions-ate based on the followihg observations.

HT-1080 cell transfectants that overexpressed MT1-
MMP constitutively activated MMP-2. Cotisistent with
previous reports, proMMP-2 activation correlated with
the detection of 63-kDa MT1-MMP and/or with the
generation of the 43-kDa cleavage prodiict (Lohi et al.,
1996; Lehti et al, 1998). However, :non+ transfected
HT-1080 ceBs or cells transfected with an ‘empty vector
expressed significant levels of endogensus MT1-MMP,
but no active MMP-2. Addition of plasniin(ogen) to these
cells resulted in proMMP-2 activation and a several

- folds increase in gelatinase activity. In contrast, with

antisense transfeetants virtually devoid of MT1-MMP,
activation of proMMP-2 by plasmin did not occur, Thus
endogenous levels of MT1-MMP expressed by BT-1680
cells are necessary and mrﬁﬁment for proMMP-2 activa-
tion by plasmin; oonversely in the absencé of plasiin,
MT1-MMP overexpression is necessary for proMMP-Z
activation.

%P3 integrin and TIMP-2 have been- mphcated in
MMP-2 binding to and activation on the cell surface
(Strongin et al, 1995; Brooks ¢t al., 1996,-1998;
Deryugina ef al,, '2001a). Our MI‘I-M’MP transfectants

expressed diverse levels of %P3 integrin that did not -
correlate with cell surface association or activatioh of
proMMP-2 in the presence or absence of plasmin(ogen).
Cells that overexpressed MT1-MMP, bt had no de-
tectable u,Bs integrin (MT1-MMP transfectants) had -
cell-associated MMP-2; these cells activated proMMP-2,
and plasmin enhaneed this process. Plasinin induced -
proMMP-2 “activation in control cells that expressed
endogenous MT1-MMP, relatively high levels of &8s
integrin and oeB-assocxa’ced proMMP-2; In. ¢ontrast,
plasmin had no effect on proMMP-2 acnvatzon in anti-
sense cDNA transfectants that exp
of o,Bs integrin, but no MT1-MMP. Thus, M’I‘I MMP
appears to play a major role i in localmng MMZP-Z to
HT1080 cell meimbrane; .- o

Likewise, TIMP-2 levels did not oorreiate wmt“h :
plasmin-mediated proMMP 2 ‘activation. n} :
activation oceurred in cells with ‘high levels of MTi-

MMP and low amounts of TIMP-2 (MT1-MMP transfec:-

tants), but not in antisense transfe_ctanns.exprmg -
hlgi:erleve}softhemhsztorandj"?' “MT1-
MMP. However, plasmin activated proNIMP-2 s contiol
cells that’ expressed higher levels of MET1-NMMP, but
TIMP-2 levels comparable to those of antisense: DNA
transfectants.

TIMP-2 downregu.lafnon in MT1-MMP transfectanw
was aboliched by addition of the MMP inhibitor mari-
mastat, whereas o83 integrin dawnreguiatmn Was 1ot
Because this phenomenon was consistent in several
transfectant clones, it is unlikely to siinply reflect clonal
veriability. Maquoi et al. (2000} have deséribed MT1-
MMP-dependent internalization and rapid intracel-
Iular degradation of TIMP-2 in HT-1080 cells that
overexpress MT1-MMP. Based on these findings,
Marimastat, which has an inhibition constant to the

MTlMMP catalytzc domsin in the low nanomolar . .-
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Tange, can compete with TIMP-2 binding to the MT1-
MMP catalytic site (Toth et al., 2000). As a result,
marimastat can inhibit subsequent TIMP-2 internaliza-
tion and degradation. However, «.B; downregulation
was not prevented by marimastat, suggesting that this
effect of MT1-MMP overexpression may be mediated
through 2 non-catalytic mechanism(s). In contrast to
recent reports (Deryugina et al., 2000, 2001b; Ratnikov
et al., 2002), we did not observe MT1-MMP-mediated
processing of o, B integrin.

Our finding that plasmin can downregulate TIMP-2
and -1 levels indicates a novel role for plasmin in the
control of MMP activity. Plasmin not only activates
some MMPs (Werb et al., 1977; He et al,, 1989; Okada
et al., 1990, 1992; Murphy et al., 1992a; Nagase, 1996),
but car also increase their activity by downregulating
MMP inhibitors. In the case of MMP-2, whose activation
depends on TIMP-2 levels (Strongin et al, 1995),
plasmin control of TIMP-2 results in the regulation of
both MMP-2 activation and catalytic activity.

Consistent with our previous finding that plasmin
activation of proMMP-2 does not require the action of
metallo- or acid proteinases (Mazzieri et al., 1997),
with our HT1080 cell transfectants plasmin-mediated
activation of proMMP-2 occinred in the presence of
the metalloproteinase inhibitors 1, 10-phenanthroline
(Fig. 6) or batimastat (data not shown). These inhibitors
also blocked the generation of 68/66-kDa MMP-2 by
cells that overexpress MT1-MMP, showing that they
did indeed block MT1-MMP activity. MT1-MMP activ-
ity and/or MMP-2 autocatalysis were not involved in
plasmin-mediated activation of proMMP-2. The exact
mechanism(s) by which these inhibitors interfere with
TIMP-2 binding to MT1-MMP remain unclear. Be-
cause TIMP-2 affinity to MT1-MMP is slightly higher
than that of marimastat, sufficient formation of MT1-
MMP TEMP-2-MMP-2 complexes may occur to allow
plasmin activation of bound proMMP-2.

Plasmin bad no effect on MT1-MMP activation, as
demonstrated by Western blotting analysis and surface

experiments (data not shown). Others have .

labeling
reported that plasmin catalyzes the conversion of a
recombinant GST-proMT1-MMP fusion protein into a
catalytically active enzyme able to activate proMMP-2
(Okumura et al., 1997). In cells, MT1-MMP is activated
intracellularly during transport to the plasma mem-
brane. It is possible that unlike soluble MT-MMP,
membrane-anchored MT1-MMP is protected from pro-
teolytic cleavage by plasmin (Pei and Weiss, 1996; Sato
et al, 1996a.b; Pei, 19992 b). '
ProMMP-2 can also be activated by stromelysin-1
(MMP-3) (Miyazaki et al., 1992) or by matrilysin
(MMP-7) (Crabbe et al, 1994). Our HT-1080 cells
express no MMP-3, as assessed by casein zymography
and Western blotting (data not shown). Plasmin might
activate proMMP-2 indirectly by ing” MT1-
MMP on the cell membrane, for example, by cleaving
molecules associated with it and making it available
for interaction with the substrate. However, our finding
that plasmin activates proMMP-2 in the presence of 1,
10 phenanthroline, EDTA (Mazzieri et al., 1997) or
Batimastat strongly indicates that plasmin acts directly
on proMMP-2 or proMMP-2 - TIMP-2 complex. A possi-
ble mechanism of action could also consist of plasmin
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cleavage of the C-tefinal, hemopexin-like domain
of proMMP-2. Such cleavage would not affect the
N-terminal pro domain, but would accoant for the de-
crease in M, observed by zymography. In addition, clea-
vage In the hemopexin domain would prevent TIMP-2
binding, which would result in increased activity of
MMP-2 activated by other mechanisms. However, in
this scenario, active MMP-2 should have M, lower than
62,000 as activation would entail cleavage in both the
pro and the C-terminal peptide. ‘

The low TIMP-2 levels of our MT1-MMP transfectants

‘may account for the high MMP-2 activity of these celis

(Fig. 5). However, proMMP-2 activation was also de-
tected by zymography (Fig. 6), showing that MMP-2
processing indeed occurs in the presence of plasmin. In
addition, increased gelatinase activity was also obtained
by addition of plasmin(ogen) to control cells that have
relatively high TIMP-2 levels (Figs. 4 and 5). We cannot
rule out that TEMP-2 degradation by plasmin may -
contribute to increasing MMP-2 activation and activity.
However, addition of plasmin(ogen) to antisense ¢DNA-
transfected cells, which have TEMP-2 levels comparable
to that of control cells, did not result in proMMP-2
activation and increased gelatinase activity. This firid-
ing rules out the hypothesis that TIMP-2 degradation
is the only mechanism by which plasmin mediates in-
creased MMP-2 activation and activity. o
Addition of plasminogen to control or antisense cDNA
transfectants resulted in proMMP-9 activetion, but
bad no effect on the proMMP-9 secreted by MT1-MMP
transfectants (Fig. 6). This effect was observed several
times in a reproducible manner. The reason for the
lack of proMMP-9 activation by plasmin in MT1-MMP
transfectants is not clear. We have previously reported
that MMP-9 activation also requires the presence of the
cell surface (Mazzieri et a1, 1997). We hypothesize that
the high levels of MT1-MMP in transfected cells localize
higher amounts of MMP-2 on the cell menibrane than
in non-transfected cells. Membrane-associated MMP-2
may compete with MMP-9 for plasmin either because #t
is in excess of MMP-9 or because MT1-MMP-bound
MMP-2 is activated by plasmin more efficiently tharn
MMP-9 (e.g., MMP-2 may be spatially closerthan MMP-
9 to cell surface-associated plasmin). R
MT1-MMP has been proposed to be a “physiological
activator” of proMMP-2. However, proMMP-2 -activa-
tion by MT1-MMP occurs only in cells that overexpress
MT1.MMP following transfection or treatment with
PMA or Con A, reagents that also upregulate other
proteinases in many cell (Overall and Sodék, 1990;
Strongin et al., 1993; Atkinson et al., 1995; Loki et al.,
1996). In addition, although MT1-MMP is expressed by
a variety of cell types, only some éxpress active MMP-2
(Lohi and Keski-Oja, 1995; Yu et al., 1995; Theret et al,,
1997). These findings raise important questions as to
the quantitative and qualitative requirements for MT1-
MMP-mediated activation of proMMP-2: is upregunla-
tion of MT1-MMP required for proMMP-2 activation or
are other factors involved? In 2 variety of tumors, MT1-
MMP expression has been correlated with the presence
of active MMP-2 (Tokuraku et al., 1995; Yamamoto
et al, 1996). However, all these studies have not
quantitated MT1-MMP relative, for example, to normal
tissues; in addition, they have not considered the
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possible concothitant presence of other factors impli-
cated in MMP-2 activation, including plasminogen
activators (PA) and/or other MMPs. Whereas increased
expression of MT1-MMP may represent one mechanism
for MMP-2 activation, our findings show that under
conditions in which MTi-MMP is not upregulated
plasmin can activate proMMP-2 by acting in concert
with MT1-MMP. A consistent body of experimental
evidence has shown the role of the cell surface in the
regulation of the proteolytic cascade involved in tissue
remodeling (Mignatti and Rifkin, 1993, 2000). Both
MMP-2 and -9 are located to the cell surface (Strongin
et al,, 1993; Mazzieri et al., 1997; Olson et al., 1998).
Binding of uPA to its cell membrane receptor (uPAR)
strongly accelerates proMMP-2 and -9 activation; plas-
min{ogen) binding to the cell surface is also re

for gelatinase activation (Mazzieri et al., 1997). Mem-
brane vesicles shed by HT-1080 cells possess surface-
bound uPA and MMPs; vesicle-associated gelatinases
are also activated by plasmin (Ginestra et al.,, 1997;
Taraboletti et al., 2002). Thus, components of the PA-
plasmin system represent an alternative mechanism for
the cell-surface activation of proMMP-2 under condi-
tions in which MT1-MMP is not upregulated.

Several serine proteinases—thrombin and neutrophil
elastase, cathepsin G, and proteinase-3—cooperate with
MT1-MMP to activate proMMP-2 (Zucker et al, 1995;
Galisetal,, 1997; LaﬂeuretaL 2001; Shamamanetal.
2001). The data presented here show that plasmin can
also activate proMMP-2 by interacting with MT1-MMP.
The cell surface binding of all components of the PA-
plasmin-MMP cascade has two major implications: the
Jjuxtaposition of all the reactants accelerates molecnlar
interactions and protects molecular species from uncon-
trolled proteolync degradation. PAs are expressed by
many cell types, including those that produce MMP-2

* and MT1-MMP. In addition, in tissues virtually all

components of the pmteolync cascade can be produced
by different cell types. Relatively high concentrations of

ogen are present in all tissues (Robbins and
Summaria, 1976). The production of small amounts of
PAs affords the generation of high local concentrations
of plasmin. Thus, in vivo, the expression of low levels
of MT1-MMP insufficient to activate proMMP-2 dir-
ectly may afford gelatinase activation by provncﬁng
a cell membrane binding site that permits limited
cleavage of proMMP-2 by plasmin and/or possibly other
proteinases.
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